INTRODUCTION
Centrosomes play an important part in many cell processes, and they are formed when pericentriolar material (PCM) is recruited around the mother centriole (Conduit et al., 2014b; Wang et al., 2011) . Several hundred proteins are thought to be concentrated in the PCM, and these include proteins involved in nucleating and organizing microtubules (MTs) as well as many important cell-cycle regulators and signaling molecules Vertii et al., 2016) . It is unclear, however, how the hundreds of proteins localized within the PCM assemble into a functional organelle.
During interphase, the centrioles in many cell types organize relatively small amounts of PCM, and recent studies have revealed that the interphase PCM is spatially organized (Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012) . In particular, Pericentrin-the Pericentrin-like-protein (PLP) in flies-is asymmetrically distributed within the interphase PCM, with its C terminus close to the mother centriole and its N terminus stretched outward away from the centriole. The interphase PCM is largely assembled within the boundary defined by Pericentrin, which is required to recruit the interphase PCM (Lawo et al., 2012; Mennella et al., 2012) .
As cells prepare to enter mitosis, there is a dramatic increase in the amount of PCM recruited around the centrioles Palazzo et al., 2000) . The mitotic PCM appears less well organized than the interphase PCM, and studies in flies suggest that Centrosomin (Cnn) plays a crucial part in assembling the expanded mitotic PCM (Conduit et al., 2010; Lucas and Raff, 2007; Megraw et al., 2001; 1999; Vaizel-Ohayon and Schejter, 1999) . In fly embryos, Cnn is recruited around mother centrioles in an Spd-2-dependent manner, where it gets phosphorylated by Polo, allowing it to assemble into a scaffold structure that then fluxes outward away from the mother centriole along the centrosomal MTs (Conduit et al., 2014b; 2014a) . Cnn and Spd-2 cooperate to recruit other proteins to mitotic centrosomes, and, in the absence of both proteins, mitotic centrosome assembly is abolished (Conduit et al., 2014b) .
In worms, SPD-5 is the likely functional ortholog of Cnn, although the two proteins are not obviously related by sequence. SPD-5 is essential for mitotic PCM assembly, and, like Cnn, it is also recruited to centrioles by SPD-2, where it becomes phosphorylated by PLK-1, allowing SPD-5 to assemble into a scaffold structure that recruits proteins to the mitotic centrosome (Hamill et al., 2002; Kemp et al., 2004; Pelletier et al., 2004; Woodruff et al., 2015) . Recombinantly expressed SPD-5 can assemble into micron-scale assemblies in vitro, and this process is enhanced by the presence of SPD-2 and PLK-1 (Woodruff et al., 2015; Wueseke et al., 2016) . Plk1, Cep215/Cdk5Rap2, and Cep192-the vertebrate homologs of Polo/PLK-1, Cnn, and SPD-2 (there are no obvious vertebrate homologs of SPD-5), respectively-have all also been implicated in mitotic PCM recruitment (Barr et al., 2010; Choi et al., 2010; Gomez-Ferreria et al., 2007; Haren et al., 2009; Joukov et al., 2014; Lizarraga et al., 2010; Zhu et al., 2008) .
Although there is increasing evidence that proteins like Cnn and SPD-5 can form scaffold-like structures that help recruit the mitotic PCM, the nature of these scaffolds remains mysterious. In particular, it is unclear whether these proteins form highly organized scaffolds with a well-defined structure based on precise molecular interactions or whether they form more amorphous interactions and structures that allow the PCM to phase-separate from the cytoplasm as a liquid-or gellike droplet Woodruff et al., 2014; Zwicker et al., 2014) . Intriguingly, no well-ordered structural interaction has yet been identified that is required for mitotic PCM assembly, lending credence to the idea that the mitotic PCM may be intrinsically unstructured.
Drosophila Cnn contains a phospho-regulated multimerization (PReM) domain (Conduit et al., 2014a ) that consists of a previously identified leucine zipper motif (LZ) (Heuer et al., 1995) followed by a series of highly conserved Ser/Thr residues that can be phosphorylated by recombinant Plk1 in vitro. Alanine substitutions of either the conserved Leu residues of the LZ or of the ten conserved Ser/Thr residues strongly block Cnn-scaffold assembly in vivo, while substituting phospho-mimicking Glu/Asp mutations for the ten Ser/Thr residues allows Cnn to spontaneously form scaffold-like structures in the cytoplasm. The purified PReM domain forms an LZ-dependent dimer in vitro, but mutant forms with the phospho-mimicking 10D/E mutations can assemble into higher-order oligomers, suggesting that multimerization of the phosphorylated PReM domain is crucial for Cnn-scaffold assembly. Unfortunately, the nature of the interactions that drive PReM domain multimerization remain to be elucidated.
The conserved C-terminal Cnn-motif 2 (CM2) domain has been implicated in targeting Cnn-family proteins to centrosomes (Barr et al., 2010; Wang et al., 2010) . Here, we show that CM2 not only helps recruit Cnn to centrosomes but also helps Cnn assemble into a scaffold. Purified CM2 forms a stable 2:2 tetramer with the purified LZ of the PReM domain, and we solve the crystal structure of the LZ:CM2 complex, revealing that helical dimers of LZ and CM2 interact in an anti-parallel fashion. This structure has a striking similarity to the tetrameric complex formed between two dimers of Homer1, a protein that forms a mesh-like matrix that is required for the assembly of the postsynaptic density (PSD) in neurons (Hayashi et al., 2009 ). In the full-length Cnn molecule, LZ is flanked by additional predicted helical sequences in the PReM domain, and, when mixed with CM2, the PReM domain does not form a tetramer but instead forms large micron-scale structures whose assembly is enhanced by Plk1-dependent phosphorylation. Point mutations that perturb the LZ:CM2 interaction perturb the assembly of these complexes in vitro and Cnn-scaffold assembly in vivo. Thus, Cnn molecules have an intrinsic ability to self-assemble into micron-scale structures, and this requires the well-ordered LZ:CM2 interaction interface.
RESULTS
The CM2 Domain Targets Cnn to Centrosomes but Is Also Required for Efficient Cnn-Scaffold Assembly To test the function of the Cnn-CM2 domain, we generated lines expressing WT GFP-Cnn or a form of the protein lacking the CM2 domain (GFP-Cnn-DCM2) in a cnn mutant background. In most fly somatic cells, the centrioles organize very little PCM or MTs during interphase (Jankovics and Brunner, 2006; Martinez-Campos et al., 2004; Rogers et al., 2008) , but in the rapidly dividing early syncytial embryo, the centrosomes are essentially always in a mitotic-like state, maintaining an enlarged, Spd-2-and Cnn-dependent, PCM throughout these early nuclear divisions (Conduit et al., 2010; Megraw et al., 1999) . In these embryos, Cnn is constantly recruited around mother centrioles and assembles into a large scaffold that fluxes outward along the centrosomal MTs, forming ''flares'' that break away from the periphery of the PCM (Conduit et al., 2014b; Megraw et al., 2002) .
This behavior of Cnn was recapitulated by WT GFP-Cnn ( Figure 1A ), but GFP-Cnn-DCM2 was only very weakly localized at centrosomes ( Figure 1A ). This difference was unlikely to be due to differences in protein stability as GFP-Cnn and GFPCnn-DCM2 were expressed at similar levels in transgenic embryos ( Figure 1A , inset). We conclude that CM2 is required to efficiently recruit Cnn to centrosomes-as shown previously for other Cnn-family members (Barr et al., 2010; Wang et al., 2010) .
The low level of GFP-Cnn-DCM2 at centrosomes made it difficult to ascertain whether CM2 might also be required for Cnn-scaffold assembly. We showed previously, however, that a form of Cnn in which the ten putative phosphorylated Ser/Thr residues in the PReM domain had been mutated to phosphomimicking Glu/Asp residues (GFP-Cnn-10D/E) could spontaneously assemble ectopic ''scaffolds'' in the cytoplasm independently of centrosomes and require a functional LZ for their assembly (Conduit et al., 2014a) . Injecting mRNA encoding the phospho-mimicking GFP-Cnn-10D/E into WT unfertilized eggs (that lack endogenous centrosomes) led to the formation of large cytoplasmic GFP-Cnn-10D/E scaffolds, while injecting mRNA encoding a form of the protein lacking the CM2 domain (GFP-Cnn-10D/E-DCM2) did not ( Figure 1B ). These data suggest that the CM2 domain is likely required for Cnn-scaffold assembly.
The CM2 and LZ Domains Assemble into a 2:2 Tetrameric Complex As our data implicated both the conserved LZ and CM2 domains in Cnn-scaffold assembly, we wondered whether they might interact. Domain boundaries were designed using PSIPRED (Jones, 1999) , and we recombinantly expressed and purified a 55aa ''LZ'' fragment (aa490-544) and a 67aa ''CM2'' fragment (aa1082-1148) from bacteria ( Figures 2A and S1A) . SEC-MALS analysis revealed that LZ formed a stable homo-tetramer in solution, while CM2 behaved as a stable homo-dimer ( Figure 3A) . When the two domains were mixed in vitro, however, they reassembled to form a stable 2:2 hetero-tetrameric complex ( Figure 3A) .
Crystallization of the LZ:CM2 hetero-tetramer revealed that the LZ and CM2 were entirely a helical, with each domain forming a parallel homo-dimer that interacted in an anti-parallel fashion to form the 2:2 hetero-tetrameric complex ( Figure 2B ; Table  S1 ). Although the N-terminal half of CM2 formed a canonical coiled coil (Figure 2A ), the C-terminal half adopted an unusual ''splayed'' conformation that wrapped around and clasped the coiled coil of the LZ ( Figure 2B) . A splayed C terminus was also observed in crystals of CM2 alone ( Figure S1B ; Table S1 ), indicating it is a feature of the CM2 sequence rather than being driven by the interaction with the LZ. Assembly of the LZ:CM2 tetramer buried the canonical Leu residues that define the LZ (L528, L532, L535, L539, L542) (blue asterisks, Figure 2A ; blue residues, Figure 4A ), and also three residues that appear to be invariant within CM2 domains across species (Ile1126, Thr1133, and Leu1137) (Figures 2A and S1A ; orange asterisks; Figure 4A , orange residues,). We also solved the structure of several LZ:CM2 complexes that contained slightly shorter or longer versions of the LZ, again based on PSIPRED predictions ( Figure 2D ; Table S1 ). These revealed structural consistency in the four-helix bundle at the core of the interaction interface, while the coiled coils of both components that extended away from the core bundle demonstrated variability, both in terms of flexibility (angle relative to the core bundle) and the degree of order within the crystal. Thus, the LZ:CM2 interface forms a stable tetrameric core that is surrounded by more flexible dimeric helical elements.
Performing a structure-based search of the Protein Data Bank found only two similarly assembled structures (PDB: 3CVE and 4MT8), one of which is a homo-tetrameric assembly formed by the C-terminal regions of two Homer1 dimers ( Figure 2E , in gray). This protein is implicated in protein-scaffold assembly within the postsynaptic density (PSD) in neurons (Hayashi et al., 2009) . Intriguingly, although CM2 showed no tendency to tetramerise in solution ( Figure S1C ), apo-CM2 crystals contained two copies of the CM2 homo-dimer that interacted in an anti-parallel fashion to form a homo-tetramer ( Figure S1B) .
Unexpectedly, the CM2 dimer binds a Zn 2+ ion at its N terminus, coordinated between a His residue (H1082) that appears to be invariant in CM2 domains and a Cys residue (C1084) that is well conserved in Drosophila species but less so in other species (Figures 2A and S1A , brown asterisks; Figure 2C , brown resi- Figure S2A ), confirming that Zn 2+ plays a structural role within CM2. Furthermore, we used an mRNA injection assay (Novak et al., 2016) to compare the localization of WT GFP-Cnn, GFP-Cnn-DCM2, and GFP-Cnn-HCAA in cnn mutant embryos expressing Spd-2-RFP as a centrosomal marker-as Cnn is not required to recruit Spd-2 to centrosomes in embryos (Conduit et al., 2014b) . The HCAA mutation perturbed Cnn-scaffold assembly in vivo, although not to the same extent as deleting the entire CM2 domain ( Figure S2B ), suggesting that Zn 2+ binding enhances scaffold assembly in vivo but is not essential. We suspect that this is because although Zn 2+ is essential for the dimerization of CM2 in vitro, it is probably not essential for the dimerization of full-length Cnn molecules in vivo.
Two Cys residues conserved within Drosophila species in the LZ region (C521, C525) line the interior of the coiled coil, with C521 consistently forming a homotypic disulfide bond ( Figure S3 ). Although the cytoplasm is generally a reducing environment, redox-controlled regulation events have been reported at the centrosome (Lim et al., 2015) . However, mutation of both Cys residues to Ser had no obvious effect on Cnn-scaffold assembly in vivo (data not shown), suggesting that disulfide formation within the LZ is not essential for function under normal conditions. Perturbing the LZ:CM2 Interaction In Vitro Perturbs Cnn-Scaffold Assembly In Vivo To test whether the LZ:CM2 interaction was required for Cnnscaffold assembly in vivo, we substituted several individual residues that would be predicted to disrupt the interaction interface within the four-helix bundle ( Figure 4A ). We first concentrated on the three invariant residues in the CM2 domain (Ile1126, Thr1133, and Leu1137) ( Figure 4A , orange residues). We individually substituted each residue with the large negatively charged residue Glu and confirmed that each substitution abolished the LZ:CM2 interaction in vitro; importantly, none of these substitutions appeared to perturb the ability of CM2 to adopt a helical conformation ( Figure S4A ) or to dimerize ( Figures 3B, 3E , S5A, and S5B). We injected mRNAs encoding either the WT or the individually substituted GFP-Cnn fusion proteins into cnn mutant embryos expressing Spd-2-RFP. Strikingly, all of the individual substitutions perturbed Cnn localization and scaffold assembly, essentially to the same extent as deleting the entire CM2 domain ( Figure 4C ). [Lupas et al., 1991] ), predicted disordered regions (black lines; predicted by XtalPred-RF [Slabinski et al., 2007] ), and the LZ (blue) and CM2 (orange) domains. Expanded regions show multiple sequence alignments (MSAs) of the regions used for crystallization (see Figure S1A for a more comprehensive MSA of the CM2 domain); boxed regions indicate residues visible in the crystal structures. Bars indicate the interaction interface with dots or asterisks over the bars highlighting residues buried in the interface. Asterisks highlight residues subjected to mutational analysis. Residues identified by SOCKET (Walshaw and Woolfson, 2001 ) as belonging to a canonical coiled coil in the structure are annotated beneath the sequence with a-g lettering. We also substituted the R1141 residue of the CM2 domain. This residue is highly conserved (Figuress 2A and S1A, light green asterisk), but it lies just outside the structured LZ:CM2 interaction interface, in the C-terminal 8aa that are largely disordered. R1141 is required for CM2 to interact with two other proteins, PLP and Centrocortin (Kao and Megraw, 2009; Lerit et al., 2015) . Substituting R1141 for His abolishes these interactions, but this substitution had only a minor effect on Cnn localization and scaffold assembly compared to the CM2 deletion (Figure 4C )-although the Cnn flares at the periphery of the PCM were destabilized due to the failure to interact with PLP, as shown previously (Lerit et al., 2015; Richens et al., 2015) . Thus, the previously described interactions between CM2 and PLP or Centrocortin are not sufficient to explain the role of CM2 in centrosomal targeting or scaffold assembly. We next individually substituted each of the Leu residues in the LZ involved in the interaction with CM2 (L528, L532, L535, L539, L542) ( Figure 4A , blue residues) for Glu. Most of these substitutions strongly perturbed the ability of the LZ to form a stable 2:2 tetramer with CM2 ( Figures 3C, 3F , and S5C-S5E), the only exception being L535E, which still formed a 2:2 tetramer but with reduced efficiency ( Figure 3D ). Intriguingly, all of the individual LZ substitutions, including L535E, perturbed the assembly of the apo-LZ-homo-tetramer ( Figures 3C, 3D , and S5C-S5E), and strongly reduced the a helicity of the proteins (Figures S4B and S4C).
We injected mRNAs encoding either WT-, complete LZ-deletion-, or individual LZ-substitution-GFP-Cnn fusion proteins into cnn mutant embryos expressing Spd-2-RFP. Unlike GFP-Cnn-DCM2, GFP-Cnn-DLZ was still recruited around the mother centrioles, but, like GFPCnn-DCM2, it failed to assemble into a scaffold structure, as shown previously (Conduit et al., 2014a) (Figure 4B ). Most of the individual LZ substitutions perturbed Cnn-scaffold assembly to a similar extent as deleting the LZ domain ( Figures 3F and  4B ). Most strikingly, however, the L535E substitution could still form a detectable, although less robust, Cnn scaffold ( Figure 4B) ; this is in excellent agreement with our analysis of the behavior of the LZ-L535E:CM2 complex in vitro ( Figure 3D ). Taken together, these mutational studies provide strong evidence that the LZ:CM2 interaction is important for Cnn-scaffold assembly.
LZ-L535E Is Partially Unfolded but Can Be Induced to Fold by CM2
The purified LZ-L535E protein exhibits reduced a helicity, suggesting that it is partially unfolded ( Figures S4B and S4C , red line), yet it can still interact with CM2 ( Figure 3D ). To better understand why the L535E substitution did not more strongly disrupt the LZ:CM2 interaction, we generated LZ-L535E:CM2 crystals and solved their structure (Figures 4D and 4E ; Table S1 ). Perhaps surprisingly, LZ-L535E appeared to be folded normally and was largely helical within the crystal structure. Although L535 is packed within the core of the LZ:CM2 assembly, there is sufficient space in the core to accommodate the longer E535 side chain, and E535 also forms a hydrogen bond with the invariant CM2 T1133 residue in the core. This presumably explains why (A) Views of the LZ:CM2 complex (shown in cartoon representation; space-filling model overlaid with reduced opacity) highlighting the LZ (blue) and CM2 (orange) residues in the interaction interface subjected to mutational analysis. (B and C) Micrographs illustrate and graphs quantify the centrosomal GFP-fluorescence levels of WT-GFP-Cnn or the various LZ (B) or CM2 (C) mutants; Spd-2-RFP is shown as a centrosomal marker. Note how the LZ mutants are still recruited to the centrosome, but, with the exception of the L535E, they cannot assemble a scaffold, while the CM2 mutants, with the exception of the control R1141H mutation, are not efficiently recruited to the centrosome and cannot assemble a scaffold. (D and E) Overlays of the WT LZ:CM2 complex (gray) and the LZ-L535E:CM2 complex (blue and orange). E535-shown as a space-filled residue (D)-is accommodated within the interaction interface, and the enlarged image (E) shows how E535 (blue) hydrogen bonds with the conserved T1133 residue. Error bars (B and C) represent the SD of the mean. Statistical significance (compared to WT [above each bar] and either Cnn-DLZ or Cnn-DCM2 [line at the top of the graph]) was assessed using an unpaired t test in GraphPad Prism (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). See also Figures S1, S2, and S3. Scale bars = 2 mm. the L535E mutation only relatively mildly perturbs LZ:CM2 assembly in vitro ( Figure 3D ) and Cnn scaffold assembly in vivo ( Figure 4B ). Moreover, these data suggest that the interaction with CM2 is sufficient to order a partially disordered LZ; this may be important for CM2 function in vivo (see Discussion).
Additional Sequences Surrounding the LZ Domain Allow the LZ and CM2 Domains to Assemble into Micron-Scale Structures The originally defined PReM domain (aa403-608) comprises the LZ (aa490-544) and additional C-terminal (aa545-608) and N-terminal (aa403-489) extensions that are predicted to be largely helical ( Figure 5A , blue bars). The C-terminal extension also contains multiple Ser/Thr residues that are phosphorylated by Plk1 in vitro and that promote Cnn-scaffold assembly in vivo (Conduit et al., 2014a ) ( Figure 5A , red asterisks). We purified an MBP-PReM fusion, and, as shown previously (Conduit et al., 2014a) , it behaved as a dimer ( Figure 5B ). When mixed with CM2, however, MBP-PReM assembled into complexes that were much larger than the LZ:CM2 tetramer ( Figure 5B ). Importantly, the CM2 I1126E, T1133E, and L1137E mutations all completely abolished the formation of these larger complexes ( Figures 5C and S6) , strongly arguing that they are not simply nonspecific aggregates but are mediated by the same molecular interactions seen in our hetero-tetrameric LZ:CM2 complex.
Previous studies have shown that purified full-length C. elegans SPD-5 can assemble into micron-scale complexes in vitro (Woodruff et al., 2015; Wueseke et al., 2016) , and we wondered whether the PReM:CM2 complexes might have a similar ability. A purified PReM-GFP fusion protein did not form visible complexes, but when mixed with CM2, it assembled into large micron-scale structures that resembled those formed by purified SPD-5 ( Figure 5D ). A FRAP analysis revealed that the molecules in these structures exhibited no detectable tendency to internally re-arrange, strongly suggesting that they are solid-like rather than gel-or liquid-like structures ( Figure 5E ) (see Discussion).
Importantly, the assembly of the micron-scale PReM-GFP: CM2 structures was also abolished by any one of the CM2 mutations that disrupted LZ:CM2 complex assembly (I1126E, T1133E, and L1137E), again arguing that these structures are not simply nonspecific aggregates ( Figure 5D ).
Phosphorylation by Plk1 Promotes the Assembly of the PReM-GFP:CM2 Structures In Vitro A key feature of the assembly of the Cnn scaffold in vivo is that it appears to be initiated at centrosomes by the Polo-dependent phosphorylation of Cnn at multiple sites within the PReM domain (Conduit et al., 2014a) . To test whether the assembly of the PReM-GFP:CM2 structures in vitro was influenced by Plk1-dependent phosphorylation, we first raised an antibody that specifically recognized a PReM-domain peptide that had been phosphorylated on one of the conserved Ser residues (S567) ( Figure 5A , large red asterisk,). Western blotting revealed that this antibody only recognized PReM-GFP after it had been phosphorylated by Plk1 in vitro, confirming that the antibody was phospho-specific and that Plk1 can phosphorylate PReM-GFP in vitro, as shown previously for MBP-PReM (Conduit et al., 2014a) (Figure 5F ). Strikingly, pre-incubation of the PReM domain with Plk1 dramatically increased the efficiency of PReM-GFP:CM2 complex assembly ( Figure 5G) . Thus, the co-assembly of these two domains into micron-scale assemblies in vitro appears to be regulated by phosphorylation in the same way that Cnn assembly into a centrosomal scaffold is regulated in vivo.
Cnn Is Preferentially Phosphorylated in the Inner Region of the PCM We have previously speculated that Cnn-scaffold assembly is initiated by Polo-dependent phosphorylation around the mother centriole, while disassembly is initiated toward the centrosomal periphery because Cnn molecules are gradually dephosphorylated as they flux outward away from the source of Polo around the mother centriole (Conduit et al., 2014a; . The Cnnphospho-S567 antibody preferentially recognizes Cnn phosphorylated by Plk1 (Figure 5F ), allowing us to directly test this possibility. In support of our hypothesis, we found that the Cnn-phospho-S567 antibody preferentially recognized the inner region of the Cnn scaffold and was largely absent from the peripheral regions where the Cnn scaffold was starting to disassemble ( Figure 5H, arrows) .
DISCUSSION
Cnn plays a crucial role in mitotic centrosome assembly in Drosophila (Lucas and Raff, 2007; Megraw et al., 1999; Vaizel-Ohayon and Schejter, 1999) . We have identified two conserved regions of Drosophila Cnn-an internal leucine zipper (LZ) and the C-terminal Cnn-motif-2 (CM2)-that are important for this process. Structural analyses revealed that the LZ and CM2 domains form an antiparallel 2:2 complex of two parallel coiled coils. Mutagenesis confirmed that amino acids within the interaction interface that are required for LZ:CM2 complex assembly in vitro are also required for centrosome assembly in vivo. The LZ is contained within the previously identified phospho-regulated-multimerization (PReM) domain, which appears to be phosphorylated by Polo at centrosomes to drive the mitotic assembly (E) Micrographs show a FRAP analysis of protein turnover in the PReM-GFP:CM2 complexes (as seen in [D] ). Complexes were imaged (t = À2 min), a small area was photobleached (t = 0 min), and fluorescence recovery monitored (t = 20 min). (F) Western dot-blot shows that PReM-GFP is phosphorylated by purified Plk1 in vitro, allowing the phospho-specific Cnn-pS567 antibody to recognize the protein; the same blot was probed with anti-GFP antibodies to confirm equal loading of PReM-GFP. (G) Graph quantifies the visible area of the PReM-GFP:CM2 complexes (both proteins at a final concentration of 10 mM) at various time points after mixing when the PReM-GFP protein has been pre-treated with Plk1 (red line) or with buffer control (gray line). Error bars indicate SD (n = three independent experimental replicates; note that one outlier time point in one experiment that was $10 times brighter than all the others was excluded from this analysis). (H) Micrographs show how anti-Cnn-p567 antibodies (red) preferentially recognize the inner region of the centrosome and are largely absent from the more peripheral regions (in some cases highlighted with arrows) recognized by antibodies that recognize total Cnn (green). See also Figure S6 . Scale bars = 10 mm (A), 5 mm (E), and 3 mm (H).
of the Cnn scaffold in vivo (Conduit et al., 2014a) . The PReM and CM2 domains can co-assemble into micron-scale structures in vitro, and this is enhanced by Plk1 phosphorylation of the PReM domain. These studies provide a first atomic insight into a structural interaction required to assemble the mitotic PCM. In Figure 6 , we schematically illustrate how Cnn molecules might assemble into a scaffold and how this process might be regulated by phosphorylation so that it only occurs at centrosomes.
Cnn molecules are predicted to be largely coiled coils, so we propose that Cnn exists as a ''closed'' homo-dimer in the cytoplasm and that the LZ and CM2 domains do not interact within these dimers ( Figure 6A ). Cnn dimers are recruited around the mother centriole ( Figure 6B ) where, during mitosis, they can be phosphorylated by Polo ( Figure 6C ) (Conduit et al., 2014a) , which is highly concentrated around the mother centriole Fu and Glover, 2012) . We speculate that phosphorylation destabilizes the PReM domain helical dimer, allowing the helices to partially unwind ( Figures 6B / 6C ). This allows the C-terminal CM2 to ''invade'' the partially unwound dimer-either intramolecularly (Figure 6Di ) or inter-molecularly (Figure 6Dii )-to form a tight LZ:CM2 complex. The LZ:CM2 interaction stabilizes the partially unwound state of the nearby helices, allowing them to form inter-molecular interactions with other unwound helical elements in nearby Cnn molecules, assembling a matrix-like structure. In fly embryos, the Cnn scaffold fluxes away from the mother centriole, separating Cnn molecules from the source of Polo kinase. As a result, Cnn is gradually dephosphorylated, favoring the re-establishment of the intra-molecular dimer interactions within the PReM domain, and so scaffold disassembly.
These ideas can explain why Cnn-scaffold assembly normally only occurs at centrosomes and only during mitosis. Cnn must be phosphorylated at multiple sites to drive scaffold assembly (C) These molecules are phosphorylated in their PReM domains-and almost certainly at several other sites that are not depicted here (Conduit et al., 2014a) . Phosphorylation destabilizes the helical dimer, allowing it to partially ''unwind.'' (D) The partial unwinding of the dimer allows the CM2 domain to interact with the LZ, either intra-molecularly (i) or inter-molecularly (ii); the partial unwinding of the helices could allow the Cnn molecules, which are predicted to consist largely of coiled-coil domains but also contain predicted disordered regions (Figure 2A ), extra flexibility to form an intra-molecular interaction. The formation of the LZ:CM2 complex allows Cnn molecules to assemble into larger complexes; two models of how this might occur are shown here. Note that in (i), phosphorylation destabilizes intra-molecular PReM domain interactions but does not prevent intermolecular PReM domain interactions. We think this plausible, as the intra-molecular dimer might initially be slightly destabilized by phosphorylation but then more strongly destabilized by the binding of CM2, thus favoring inter-molecular interactions. An alternative possibility is that phosphorylated PReM domains no longer tend to form dimers but tend to form higher-order oligomers (although this is not illustrated here). There is some evidence for this idea as, in vitro, MBP-PReM forms a stable dimer, whereas MBP-PReM-10D/E forms larger oligomers (Conduit et al., 2014a) . (Conduit and Raff, 2010) , and it seems likely that the mother centriole is the only place in the cell where the local concentration of both Cnn and Polo are high enough for this to occur when Polo becomes activated during mitosis. Our in vitro data support this hypothesis, as phosphorylation by Plk1 enhances the ability of the purified PReM and CM2 domains to coassemble into micron-scale structures, suggesting that this key interaction is strongly influenced by Polo/Plk1-dependent phosphorylation. Within the context of the full-length Cnn molecule, the PReM and CM2 domains also do not appear to interact efficiently until Cnn has been phosphorylated-phospho-mimicking GFP-Cnn-10D/E molecules can efficiently form CM2-dependent scaffolds in the cytoplasm, while WT GFP-Cnn molecules cannot (Conduit et al., 2014a ). An important conclusion from our studies is that the key CM2 residues required for scaffold assembly are also required to recruit Cnn to centrosomes. This dual role for CM2 implies that Cnn molecules can only assemble into a scaffold once their CM2 domains have been released from their centrosomal recruiting sites (Figure 6C / 6D) . A priori, this might seem surprising, but in these early embryos the Cnn scaffold continually assembles close to the mother centrioles and then fluxes outward along the centrosomal MTs Conduit et al., 2014a) . Thus, the assembling Cnn scaffold appears to be released from its centrosomal recruiting sites to allow it to flux outward; this could be enforced by the dual role of CM2. An attractive possibility is that Polo phosphorylation at the centrosome not only ''opens'' the PReM domain to allow CM2 binding but also stimulates the release of CM2 from its centrosomal recruiting sites.
The nature of the PReM domain interactions that promote matrix assembly are presently unclear, but they could occur in several ways, two of which are depicted in Figure 6D . Coiledcoil-containing proteins have been implicated in a wide variety of cellular function, but, with the exception of de novo synthesized coils such as those that form hydrogels (Banwell et al., 2009 ), it is rare that they have been proposed to form large network structures. It is therefore interesting that a close structural homolog of the LZ:CM2 hetero-tetramer is the homo-tetrameric Homer1 protein that is essential for the construction of the mesh-like matrix structure of the cytoplasmic postsynaptic density (PSD) in neurons (Hayashi et al., 2009) . Homer1 performs this function by combining a homotypic coiled-coil interaction at its C terminus with interactions with another multimeric protein (Shank) at its N terminus. The PReM and CM2 domains form a structurally analogous tetrameric coiled-coil bundle but can use interactions between additional elements within the PReM domain itself to assemble large multimeric structures without the need for further accessory proteins.
The mitotic centrosome is a non-membrane-bound organelle, and there has been much interest recently in the idea that such organelles may be formed by the phase-separation of components into ''biomolecular condensates,'' often with liquid-or gel-like properties (Banani et al., 2017) . This is an attractive idea for the centrosome, as a PCM with liquid-like properties would allow the hundreds of proteins within the mitotic centrosome to interact efficiently (Zwicker et al., 2014; Hyman et al., 2014) . We show here, however, that the PReM:CM2 proteins can effectively phase separate from solution to form what appears to be a solid-phase-as the molecules within these structures do not detectably internally rearrange over a timescale of several minutes ( Figure 5E ). Moreover, dynamic studies suggest that Cnn molecules also do not readily internally re-arrange at centrosomes in vivo (Conduit et al., 2014a) , and this also appears to be the case for SPD-5 in worm embryos (Laos et al., 2015) .
Interestingly, however, purified SPD-5 can also phase separate from solution, but it appears to form either a solid- (Woodruff et al., 2015) or gel-like phase (Woodruff et al., 2017) , depending on the conditions-although the gel-like phase seems to rapidly ''mature'' into a form where the SPD-5 molecules do not readily undergo internal rearrangements (Woodruff et al., 2017) . Thus, we do not rule out the possibility that full-length Cnn molecules could also form a gel-like phase under certain conditions. To date, most proteins that form condensates with liquid-like properties do so using intrinsically disordered domains or multiple low-affinity binding sites (Banani et al., 2017) , whereas the high-affinity, well-ordered, LZ:CM2 interaction we identify here is clearly central to scaffold assembly both in vitro and in vivo. Perhaps within the context of the full-length Cnn molecules the LZ:CM2 interaction serves as an internal scaffold that allows other regions of Cnn to form other, more disordered and/or multivalent-low-affinity interactions that allow Cnn molecules to form a gel-like phase. Our finding that two such small regions of Cnn can self-assemble into micron-scale structures in vitro provides a powerful tool with which to address this important question.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly husbandry, stocks and handling Drosophila melanogaster w 67 flies (a wild-type line carrying a point mutation in the white gene) were used as a WT stock in all experiments and yw flies were used as the parental stock in the generation of transgenic lines. Balancer chromosomes and markers used have been described previously (Flybase, USA). Flies were kept at 25 C or 18 C on Drosophila culture medium (0.77% agar, 6.9% maize, 0.8% soya, 1.4% yeast, 6.9% malt, 1.9% molasses, 0.5% propionic acid, 0.03% ortho-phosphoric acid and 0.3% nipagin). Stocks were kept in 8 cm x 2.5 cm plastic vials or 0.25-pint plastic bottles. Embryos were collected on cranberry-raspberry juice plates (25% cranberry-raspberry juice, 2% sucrose and 1.8% agar) supplemented with fresh yeast. Standard fly handling techniques were employed (Roberts, 1998) . In vivo studies were performed using 1.5-2 hr-old embryos (syncytial blastoderm stage). After 0-1 hr collections at 25 C, embryos were aged at 25 C for 1 hr. When injecting mRNA, embryos were collected for 30 min and aged for 1.5 hr after mRNA injection. Prior to injection or imaging, embryos were dechorionated by using double-sided tape onto a slide and mounted on a strip of glue onto a 35 mm glass bottom petri dish with a 14 mm micro-well (MatTek). After desiccation for 1 min at 25 C, embryos were covered in Voltalef oil (ARKEMA).
Organisms for in vitro studies
Escherichia coli cells were cultured in LB or TB medium (see Method details).
METHOD DETAILS
In vitro mRNA production and injection The mRNA injection assay we use here is based on that described previously (Novak et al., 2014) . Full length Cnn was PCR amplified from the cDNA (UniProt reference number: P54623-2) and sub-cloned into a modified pRNA destination vector (Conduit et al., 2014a) using the Gateway cloning system (Life Technologies). The vector encodes a T3 RNA polymerase promoter and an N-terminal GFP fusion tag. The deletion construct Cnn-DLZ, was generated using a Quikchange II XL mutagenesis kit (Agilent), by 'looping out' the region of interest (aa490-544) on pRNA-GFP-Cnn. Cnn-DCM2 was PCR amplified from the cDNA (UniProt reference number: P54623-2) and then sub-cloned into pRNA destination vector by the Gateway cloning system (Life Technologies). All the point mutations described in the text were introduced into the cnn coding sequence by Quikchange mutagenesis, using Drosophila-optimized codons for each substituted residue. PReM domain Phospho-mimetic constructs were generated as described (Conduit et al., 2014a) . Primers used for cloning in this paper are listed in Table S2 .
mRNA was synthesized in vitro using an mMESSAGE mMACHINE T3 Transcription Kit (Life Technologies) and purified using RNeasy MinElute kit (QIAGEN). The mRNA concentration was adjusted to 2 mg/ml and injected into fly embryos collected from cnn f04547 /cnn HK21 hemizygous mutant mothers expressing a Spd-2-RFP fusion protein (Conduit et al., 2014a) . The injected embryos were incubated at 25 C for 60-90 min to allow translation of the GFP-fusion protein. Embryos collected from fly lines and unfertilized eggs were collected similarly and incubated at 25 C for 60-90 min. Images were taken using a Perkin Elmer ERS spinning disk (Volocity software) mounted on a Zeiss Axiovert microscope using a 63X/1.4NA oil immersion objective and an Orca ER CCD camera (Hamamatsu Photonics, Japan).
Image analysis
We used ImageJ to calculate the average centrosomal fluorescence profile for the different Cnn mutants (both for fly lines and mRNA injected embryos), where 5 centrosomes/embryo were analyzed, in at least 5 separate embryos. The profile for an individual centrosome was calculated by finding the center of mass of the centrosome by thresholding the image and running the ''analyze particles'' (center of mass) macro on the most central Z plane of the centrosome as described (Conduit et al., 2014a) . We then centered concentric rings (spaced at 0.021 mm and spanning across 4.18 mm) on this center and measured the average fluorescence around each ring (radial profiling). After subtracting the average cytosolic signal, each profile was normalized so the peak intensity of the WT GFP-Cnn was equal to 1, and other protein types normalized to this value. The profile was then mirrored to produce a full centrosome profile. The area under the curve was calculated using GraphPad Prism, and an average area for 5 centrosomes per embryo was calculated. At least 5 embryos were used to calculate the average area under the curve for each protein, and an unpaired t test was performed to assess the significance of any differences.
Transgenic Drosophila lines All transgenic lines were generated by standard P-element mediated transformation (performed by the Fly Facility in the Department of Genetics University of Cambridge). The GFP-Cnn and GFP-DCM2 lines used were crossed into a cnn mutant background.
Western blot analysis
Western blotting to estimate embryonic protein levels was performed as described previously (Novak et al., 2014) . The following primary antibodies were used for western blot analysis: mouse anti-GFP (1:500, Roche) and mouse anti-actin (1:1000, Sigma). Anti-mouse IgG, HRP-linked (1:3000, GE Healthcare) secondary antibody was used.
Recombinant protein expression and purification
The LZ Apo protein The cDNA sequence encoding Drosophila Cnn 490-544 (the LZ domain) was subcloned into a pETM44 (EMBL) vector encoding an N-terminal His 6 -MBP tag. Proteins were expressed in Escherichia coli (E. coli) B834 (DE3) strains in TB broth, and purified using Ni-NTA chromatography followed by size exclusion chromatography (50 mM Tris-HCl pH8.0, 150 mM NaCl, 5 mM b-mercaptoethanol). For SEC-MALS analysis and crystallization trials, the N-terminal MBP tag was cleaved off using GST-3C protease, dialyzed into 50 mM Tris-HCl pH7.5, 300 mM NaCl, 5 mM b-mercaptoethanol at 4 C overnight. The untagged protein was further purified via reverse Ni-NTA chromatography and size exclusion chromatography (50 mM Tris-HCl pH7.5, 150 mM NaCl, 5 mM b-mercaptoethanol).
The CM2 Apo protein
The cDNA sequence encoding Drosophila Cnn 1082-1148 (the CM2 domain) was subcloned into a custom ''pLip'' vector (Cottee et al., 2013) . This vector encodes a T7 polymerase promoter site and two, TEV protease cleavable, His-tagged lipoyl domains (from Bacillus stearothermophilus dihydrolipoamide acetyltransferase) that flank the insert. Note that a stop codon (TAA) was included at the 3 0 end of DNA fragment encoding CM2 domain hence the expressed fusion protein contains a single lipoyl domain at the N terminus. Proteins were expressed in Escherichia coli (E. coli) C41 (DE3) strains in LB broth, and purified using Ni-NTA chromatography. The lipoyl domain was cleaved off the fusion protein with TEV protease, followed by size exclusion chromatography (50 mM Tris-HCl pH7.0, 200 mM NaCl, 5 mM b-mercaptoethanol). The untagged construct contains a GGS motif at the N terminus. Initial protein construct has two lipoyl domains tagged at each terminus, and the final construct, after TEV proteolytic cleavage, contains a GGS motif at the N terminus as well as an EFGENLYFQ motif at the C terminus, which are the remnants of the protease cleavage sites. This protein sample was used to set up the initial crystallization trays, from which the phasing crystals were obtained. In anticipation of the high flexibility of the C-terminal motif, a new construct was designed and cloned with a stop codon included at the 3 0 end of the insert (see above). This construct was much more soluble and was used for further crystallization trials, eventually yielding the dataset used for refinement of the CM2 structure. The LZ-CM2 complex To generate complexes between CM2 and MBP-LZ WT or L535E, the purified CM2 was incubated with excess of either the MBP-LZ WT or L535E in 50 mM Tris pH7.5, 150 mM NaCl, 5 mM b-mercaptoethanol at 4 C for 3 hr. GST-3C protease was then added to remove the His 6 -MBP tag from the resulting complexes (dialyzed into 50 mM Tris-HCl pH7.5, 200 mM NaCl, 5 mM b-mercaptoethanol at 4 C overnight), and was further purified via reverse Ni-NTA chromatography and size exclusion chromatography (50 mM Tris-HCl pH7.5, 150 mM NaCl, 5 mM b-mercaptoethanol). The MBP-PReM protein The Cnn-PReM (aa403-608) fragment was cloned into a pETM44 (EMBL) vector encoding an N-terminal His 6 -MBP tag. Protein was expressed using Escherichia coli (E. coli) B834 (DE3) strains in TB broth. Ni-NTA chromatography was carried out to purify the expressed fusion protein, followed by size exclusion chromatography. Purification buffer contains 50 mM Tris-HCl pH7.5, 150 mM NaCl, 5 mM b-mercaptoethanol. The PReM-GFP protein The Cnn-PReM (aa403-608) fragment was cloned into a custom pWaldo-GFP-A206K vector (point mutation introduced to stop GFP dimerization in solution). This vector encodes a T7 polymerase promoter site and a C-terminal GFP tag followed by 6 Histidine residues. Protein was expressed in Escherichia coli (E. coli) B834 (DE3) strains in TB broth, and purified using Ni-NTA chromatography followed by size exclusion chromatography (50 mM Tris-HCl pH7.5, 150 mM NaCl, 5 mM b-mercaptoethanol).
Crystallization
The LZ-CM2 complex Purified LZ-CM2 protein was dialyzed into 20 mM Tris-HCl pH7.0, 150 mM NaCl, 10 mM ZnCl 2 , 1 mM TCEP at 4 C overnight. For setting up crystallization trials, protein complexes of various lengths were concentrated to 9.18 mg/ml for Cnn 490-544 +CM2, 10.21 mg/ml or 20 mg/ml for Cnn 490-544 L535E+CM2 and 69.65 mg/ml for Cnn 490-567 +CM2. The commercialized screens from Molecular Dimensions were used for crystallization. The protein concentrations were determined from absorption at 280 nm. Crystals typically grow to their maximal size after 3 days at 21 C in sitting drops, and were fished and flash frozen in liquid nitrogen using ethylene glycol (EG) as a cryo-protectant. LZ-CM2 complexes of various lengths were crystallized in multiple conditions, which are summarized in Table S1 . Cnn 490-544 +CM2 and Cnn 490-544 L535E+CM2 protein complexes crystallized by mixing 300 nL of protein solution with 100 nL of mother liquor; Cnn 490-567 +CM2 crystallized by mixing 150 nL of protein solution with 150 nL of mother liquor. The CM2 apo domain Purified apo-CM2 protein was dialyzed into 20 mM Tris-HCl pH7.0, 200 mM NaCl, 10 mM ZnCl 2 , 1 mM TCEP at 4 C overnight, and concentrated to 3 mg/ml (construct with C-terminal EFGENLYFQ motif -phasing crystals) or 40 mg/ml (construct lacking above motif -refinement dataset crystals). Crystals of apo-CM2 were grown out either immediately or after overnight at 21 C in sitting drops, and were fished and flash frozen in liquid nitrogen. The crystal, from which the phase information was derived, grew in an optimization screen, using 225 nL protein solution and 75 nL of mother liquor (100 mM HEPES mix (50% pH6.5, 50% pH7.5), 200 mM CaCl 2 , 18% w/v PEG6K). 20% v/v EG in the mother liquor served as a cryo-protectant. The best diffracting crystal, used for structure refinement, grew in a condition containing 150 nL protein solution and 50 nL of mother liquor (80 mM Sodium cacodylate pH6.5, 160 mM Calcium acetate, 14.4% w/v PEG8K/ 20% v/v glycerol). The mother liquor itself was used as a cryo-protectant.
Data collection and processing
The CM2 apo domain The Cnn-CM2 dataset used for phasing was collected at Diamond beamline I04, at a wavelength of 1.2822 Å . Data were processed using Xia2 pipeline (Winter, 2010) in the 3daii mode (using XDS) (Kabsch, 2010) and AIMLESS (Evans and Murshudov, 2013) , and were indexed to space group P6 1 22. A single zinc site was located using Phenix AutoSol (Adams et al., 2010) . Phenix Autobuild (Terwilliger et al., 2013) was used for initial modeling, and the structure was refined in Phenix.refine (Adams et al., 2010) . Higher resolution data for refinement and rebuilding were later collected at Diamond beamline I04, at 0.9793 Å wavelength in space group P6 1 , with two (Conduit et al., 2014a ) (unpublished observations). Antibodies were purified against the phospho-peptide and non phospho-specific antibodies were removed by purification against the non-phosphorylated peptide. Peptide production, antibody production and antibody purification was performed by Pocono Rabbit Farm and Laboratory Inc. (USA).
In vitro Plk1 kinase assay 20 mM of purified PReM-GFP protein and 0.055 mg/ml Plk1 kinase (ProQinase) was added to kinase buffer in a reaction volume of 20 ml. The reaction was then left at 30 C for 30 min. Plk1 kinase was originally stored in 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 15 mM reduced glutathione, 20% glycerol; therefore, for the non-phosphorylated control equal volume of kinase storage buffer was added to the above reaction instead of Plk1 kinase. The proteins were then analyzed on a dot blot by pipetting 2 mL of 100-fold diluted reaction onto a nitrocellulose membrane (BioRad). The membrane was blocked in PBS + 4% milk + 0.1% Tween20 for 1 hr, and was probed using rabbit anti-Cnn-pS567 antibody (Pocono Rabbit Farm&Laboratory; 1:500 dilution) and anti-rabbit horseradish peroxidase (HRP) (GE Healthcare; 1:3,000 dilution). In order to confirm equal loading of both reactions, the dot blot was also probed using mouse anti-GFP (Roche; 1:500 dilution) and anti-mouse HRP (GE Healthcare; 1:3,000 dilution).
3D-Structured Illumination Microscopy
Embryos were fixed as described (Stevens et al., 2010) and stained using a sheep anti-Cnn antibody at a 1:500 dilution (Cottee et al., 2013 ) and a rabbit anti-Cnn-pS567 antibody at 1:500 dilution, followed by Alexa 488nm anti-sheep and Alexa 594nm anti-rabbit secondary antibodies at 1:1000 dilution. 3D-SIM microscopy was performed and analyzed as described (Conduit et al., 2014b) on an OMX V3 Blaze microscope (GE Healthcare, UK) with a 60x / 1.42 NA oil UPlanSApo objective (Olympus). The images shown are maximum intensity projections of 17 z-slices. Images from the different color channels were registered with alignment parameters obtained from calibration measurements with 0.2 mm diameter TetraSpeck beads (Life Technologies) using the OMX Editor software.
QUANTIFICATION AND STATISTICAL ANALYSIS
The statistical details of all experiments are reported in the figure legends and figures, including statistical analysis performed, statistical significance and exact n numbers. Statistical significance was assessed using an unpaired t test with Welch's correction (not assuming equal SDs) in GraphPad Prism (*p < 0.05;**p < 0.01;***p < 0.001;****p < 0.0001). All values are represented as mean ± SD.
DATA AND SOFTWARE AVAILABILITY
The atomic coordinates of various Cnn LZ-CM2 complexes have been deposited with the accession numbers PDB: 5MVW, 5MW0, 5MW9, 5MWE, and 5I7C. 
